This paper presents the closing step of a synthesis process aiming at deriving, from a previously developed more complex model, a simple design formula to evaluate the shear strength contribution provided by a system of Near Surface Mounted (NSM) Fiber Reinforced Polymer (FRP) strips to a Reinforced Concrete (RC) beam. The self-contained and ready-to-implement set of analytical equations and logical operations is presented along with the main underlying physical-mechanical principles and assumptions. The formulation proposed is appraised against some of the most recent experimental results and its predictions are also compared with those obtained by the two previous and more sophisticated versions of the same modeling strategy. Monte Carlo simulations are carried out in order to appraise the sensitivity of the NSM shear strength contribution prediction to the value assumed by the input parameters.
Introduction
Shear strengthening of RC beams by NSM technique consists of gluing FRP strips by a structural adhesive into thin shallow slits cut onto the concrete cover of the beam web lateral faces. A comprehensive three-dimensional mechanical model to predict the NSM FRP strips shear strength contribution to a RC beam was recently proposed (Bianco 2008 , Bianco et al. 2009a -b and 2010 . That model was developed fulfilling equilibrium, kinematic compatibility and constitutive laws of both the materials involved (FRP and concrete), as well as the local bond between themselves. Despite its consistency with experimental recordings, that model turned out to be somehow cumbersome to be easily implemented and accepted by professional structural engineers. More recently, a simpler version of that model was derived from the more complex one by introducing the following simplifications (Bianco 2008 , Bianco et al. 2011 : 1) a bi-linear rigid-softening local bond stress-slip diagram was adopted instead of a multilinear diagram, 2) concrete fracture surface was assumed as semi-pyramidal instead of semi-conical, 3) attention was focused on the average-available-bond-length NSM FRP strip glued on the relevant prism of surrounding concrete, 4) determining the constitutive law of the average-available-bond-length NSM strip, along the approach followed for Externally Bonded Reinforcement (EBR) by Monti et al. (2003) , and 5) determining the maximum effective capacity attainable by the average-available-bond-length NSM strip bridging the shear failure crack, imposing a coherent kinematic mechanism (e.g. Monti et al. 2004, Monti and Liotta 2007) . Nevertheless, even the second version of that model resulted not easy enough to be accepted by structural engineers since, in order to obtain the constitutive law of the average-available-bond-length NSM strip, it is necessary to implement an iterative procedure simulating the increasing value of the imposed end slip.
In the present paper, the main physical features of a more simplified version of that mechanical model are presented along with the further simplifications introduced with respect to the former version.
During the loading process of a RC beam subject to shear, when concrete average tensile strength ctm f is attained at the web intrados ( Fig. 1) , some shear cracks originate therein and successively progress towards the web extrados. The governing shear failure crack, herein designated as Critical Diagonal Crack (CDC), is inclined of an angle θ with respect to the beam longitudinal axis (Fig. 1a) . The CDC can be schematized as an inclined plane dividing the web into two portions sewn together by the crossing strips (Fig. 1a) . At load step 1 t , the two web parts, separated by the CDC, start moving apart by pivoting around the crack tip whose trace, on the web face, is point E in Fig. 1a . From that step on, by increasing the applied load, the CDC opening angle ( ) n t γ progressively widens (Fig. 1a) . The strips crossing the CDC oppose its widening by anchoring to the surrounding concrete to which they transfer, by bond, the force originating at their intersection with the CDC, , Fig. 1d . The capacity of each strip is provided by its available bond length fi L that is the shorter between the two parts into which the crack divides its actual length f L (Fig. 1a) . Bond is the mechanism through which stresses are transferred to the surrounding concrete (Yuan et al. 2004 , Mohammed Ali et al. 2006 , Bianco et al. 2009b . The local bond stress-slip relationship ( ) τ δ , comprehensively simulating the mechanical phenomena occurring at 1) the strip-adhesive interface, 2) within the adhesive layer and at 3) the adhesive-concrete interface, can be represented, in a simplified way, by a bi-linear curve (Fig. 1b) . The subsequent phases undergone by bond during the loading process, representing the physical phenomena occurring in sequence within the adhesive layer by increasing the imposed end slip, are: "rigid", "softening friction" and "free slipping" (Fig. 1b ) (Bianco 2008) . The first rigid branch (0-0 τ ) represents the overall initial shear strength of the joint, independent of the deformability of the adhesive layer and attributable to the micro-mechanical and mainly chemical properties of the involved materials and relative interfaces. In fact, the parameter 0 τ is the average of the following physical entities encountered in sequence by stresses flowing from the strip to the surrounding concrete, i.e.: adhesion at the strip-adhesive interface, cohesion within the adhesive itself, and adhesion at the adhesive-concrete interface (e.g. Sekulic and Curnier 2006, Zhai et al. 2008 ).
The ( ) τ δ curve adopted (Fig. 1b) envisages that, by imposing an increasing end slip to the FRP strip, cracks form instantaneously within the adhesive layer, both orthogonally to the (inclined) tension isostatics and along the strip-adhesive and adhesive-concrete interfaces (e.g. Sena-Cruz and Barros 2004) . Stresses are transferred by friction and micro-mechanical interlock along those micro-cracks. Nonetheless, by imposing an increasing end slip, those cracks progressively become smoother (softening friction phase) up to the point ( , since the larger the amount of stirrups, the shallower concrete fracture is expected to be, even if further research is necessary in this respect.
Attention can be focused on the system composed of the strip with the average value of available bond length glued on the pertaining prism of surrounding concrete ( Fig. 1c-d ). The failure modes of an NSM FRP strip subject to an imposed end slip comprise, depending on the relative mechanical and geometrical properties of the materials involved: debonding, tensile rupture of the strip, concrete semi-pyramidal tensile fracture, and a mixed shallowsemi-pyramid-plus-debonding failure mode (Fig. 1e) . The term debonding is adopted to designate loss of bond due to damage initiation and propagation within the adhesive layer and at the FRP strip-adhesive and adhesive-concrete interfaces, so that the strip pulling out results (Fig. 1e) . When principal tensile stresses transferred to the surrounding concrete attain its tensile strength, concrete fractures along a surface, envelope of the compression isostatics, whose shape can be conveniently assumed as a semi-pyramid with principal generatrices inclined of an angle α with respect to the strip longitudinal axis (Fig. 1c-d (Fig. 1e) . Moreover, regardless of an initial concrete fracture, the strip can rupture (Fig. 1e ).
This modeling strategy can be further simplified introducing the following assumptions: 1) concrete fracture can be accounted for determining the equivalent value of the average resisting bond length (Fig. 2) .
The maximum value of the effective capacity max , fi eff V , which is the maximum value of the average of the NSM FRP strip capacity along the CDC (Bianco et al. 2011) , can be approximated, and lightly underestimated, neglecting the post peak behavior of the bond-based constitutive law of the equivalent resisting bond length.
In the following paragraphs the resulting analytical equations are firstly presented and then are applied to simulate some of the most recent experimental results. Moreover, Monte Carlo simulation are carried out in order to assess the sensitivity of the results provided by the proposed formulation to the value assumed by the input parameters.
Proposed design formula
The input parameters include ( Fig. 1 δ defining the adopted local bond stress-slip relationship (Fig. 1b) .
The implementation of the proposed calculation procedure comprehends the following steps ( Fig. 3 
Evaluation of Constants
It is necessary to calculate some constants, both geometrical and integration ones, characterizing the bond transfer mechanism of the adopted NSM system, composed of a certain type of FRP strips, adhesive and concrete (Bianco et al. 2011) . The geometric constants encompass ( Fig. 1) :
the effective perimeter of the strip cross section;
the cross section area of the relevant prism of surrounding concrete; and
the CDC length.
The mechanical constants encompass:
the strip tensile strength; The bond-modeling constants encompass (see the Appendix):
that are integration constants regarding the bond transfer mechanism; 
where:
in which Rfi L has to be set equal to:
The value of * ctm f is the one corresponding, under the above simplifying assumptions, for a given average NSM system, to the limit condition of occurrence of concrete fracture.
The equivalent value of the average resisting bond length is given by:
Value of the imposed end slip Lu δ in correspondence of which the peak value of the comprehensive constitutive law ( )
V L δ of the equivalent average resisting bond length eq Rfi
L is attained
In case the maximum invariant value of force that a given NSM system, characterized by a given FRP strip, a given adhesive layer and concrete, can transfer through bond stresses db f V 1 is larger or equal to the strip tensile strength tr f V , the value of imposed end slip in correspondence of which the peak value of the constitutive law 
The value of the imposed end slip Lu δ in correspondence of which the peak force transmissible by the equivalent average resisting bond length eq Rfi L is attained, is given by:
and:
( )
Maximum effective capacity 
L
The maximum effective capacity can be evaluated, neglecting the post peak behavior of the constitutive law, as follows (Bianco et al. 2011) :
Shear strength contribution provided by a system of NSM FRP strips
The actual f V and design value fd V of the NSM shear strength contribution, can be obtained as follows:
where R d γ is the partial safety factor, divisor of a capacity, that can be assumed as 1.1-1.2 according to the level of uncertainty affecting the input parameters but, in this respect, a reliability-based calibration is needed.
Formulation Appraisal
The proposed formulation was applied to the RC beams tested by Dias and Barros (2008) The beams tested in the first two experimental programs (series I and II) were T cross-section RC beams characterized by the same test set-up with the same ratio between the shear span and the beam effective depth (
, the same amount of longitudinal reinforcement, the same kind of CFRP strips and epoxy adhesive and they differed for the concrete mechanical properties. In fact, the first experimental program (series I) was characterized by a concrete average compressive strength cm f of 31.1 MPa, while the second (series II) fcm =18.6
MPa. Both series presented different configurations of NSM strips, in terms of both inclination β and spacing f s
. The second program also included beams characterized by a different amount of existing steel stirrups (see Table 1 ). The beams tested in the third experimental program (series III) were characterized by the same test set up, but with a different shear aspect ratio ( ). Some of them were also subjected to pre-cracking (their label includes a letter F). Table 1 , is the one experimentally observed by inspecting the crack patterns (Dias 2008) . Note that the experimental observations confirm the expected trend according to which θ diminishes for increasing values of the ratio a d (e.g. Bousselham and Chaalal 2004, Chao et. al. 2005) . In fact, for some beams of the III series ( (Table 1) . In this respect, it has to be stressed that assuming 45º θ = could result excessively conservative since, with respect to smaller values (e.g. 20º θ = ), and other parameters being the same, the predicted NSM shear strength contribution decreases due to the fact that the number of strips effectively crossing the CDC diminishes (Bianco 2008) . It would be necessary to develop rigorous equations to evaluate the CDC inclination angle θ as function of 1) shear aspect ratio a d and amount of both 2) NSM strips and 3) existing steel stirrups but, in this respect, further research is necessary.
The beams tested by Rizzo and De Lorenzis (2009) (series IV) were rectangular cross-section RC beams strengthened in shear by either bars (their label starts by NB) or strips (their label starts by NS) and tested under four point bending (Table 2) . These beams were characterized by cross-section dimensions of The beams tested by Rahal (2010) and by Rahal and Rumaih (2011) (series VI) were T cross-section RC beams strengthened in shear by NSM bars either of steel (their label includes a letter R) or CFRP (their label includes a letter F) and tested under four point bending (Table 4 ). All the five tested beams contained two test regions each, one strengthened with CFRP bars and the other with conventional steel bars. Hence, a total of ten results are reported. These beams were characterized by T cross-section dimensions of (Table 5) and tested under three point bending. These particular kind of FRP rods were obtained by wrapping a dry carbon fiber sheet, which was pre impregnated with resin, around a 6 mm diameter wooden rod. V V presents altogether mean value and standard deviation equal to 0.98 and 0.26, respectively, even if it is very cumbersome to be implemented and needs a stand-alone software to be developed.
Sensitivity analysis
A sensitivity analysis was carried out to assess the relative importance of each input parameter on the calculated value of the NSM shear strength contribution in order to figure out what are the input parameters that mostly affect the result. For this purpose, the proposed formulation, presented in the previous sections, was implemented in a spreadsheet that was re-calculated iteratively one hundred thousand times, each time with a set of new possible values of the input parameters. At each iteration, the new value of each parameter was sampled, independently from each other, from the relevant probability distribution assigned to it, and a new value of the output was generated in the corresponding cell. As simulation progressed, new possible outcomes were generated from each iteration and a numerical solver kept track of these output values. All of the input parameters (
were characterized by a uniform probability distribution, which means a range of possible values with the same likelihood of occurrence (Table 7 ). These intervals cover the possible situations occurring in NSM shear strengthening interventions for RC beams. At each iteration, the value of each input parameter was sampled from the relevant probability distribution by the Monte Carlo Sampling Technique (Law and Kelton 2000, Ang and . Monte Carlo simulations is simply a repeated process of generating deterministic solutions to a given problem; each solution corresponds to a set of deterministic values of the underlying random input parameters. In other words, a Monte Carlo simulation recalculates the worksheet in which the deterministic formulation was implemented, over and over, each time assuming a set of input parameters whose values are selected randomly from the probability distribution assigned to each of them.
The outcome of the above simulations, being the result of calculations in which all input parameters are characterized by a uniform probability distribution, is itself characterized by a probability distribution and can be represented both in terms of probability density and cumulated ascending probability (Fig. 4) . From those results it arises that, for the range of variations herein assigned to the input parameters (Table 7) The sensitivity analysis between the output and the input variables was herein carried out evaluating, by the multivariate stepwise regression method (e.g. Draper and Smith 1966) , the regression coefficients of the input variables (Fig. 4) . The larger the coefficient, the larger the impact that particular input has on the calculated value.
A positive coefficient, with bar extending to the right, indicates that this input has a positive impact, which means that increasing this input will increase the output, while the opposite happens if the coefficient is negative.
The values of the plotted regression coefficients (Fig. 4) From the sensitivity analysis it was found that the input parameters that mostly affect the value of max , fi eff V are, in decreasing order of impact, the angle α between axis and generatrices of the concrete fracture surface, the concrete average compressive strength cm f , the beam cross section depth w h , and the strips spacing f s (Fig. 4) . It was also observed that the value of f V is mostly affected by the value of w h , α , cm f , and the CDC inclination angle θ (Fig. 4) .
Conclusions
A design formulation to predict the NSM FRP strips shear strength contribution to a RC beam was derived from a previously developed numerical model, introducing some simplifications, such as: 1) assuming the phenomenon of concrete fracture just as a reducer of the average available resisting bond length, and evaluating a resulting equivalent average resisting bond length, and 2) neglecting the post peak behavior of the equivalent average resisting bond length's bond-based constitutive law in the evaluation of the strip's maximum effective capacity. Dias et al. (2007) and Dias (2008) . Table 4 . Values of the parameters characterizing the beams tested by Rahal and Rumaih (2011) and by Rahal (2010) . Table 5 . Values of the parameters characterizing the beams tested by Jalali et al. (2012) . Table 6 . Values of the parameters characterizing the beams tested by Cisneros et al. (2012) . Table 7 . Values characterizing the uniform probability distribution of the input parameters. Table 8 . Detailed statistics of both the sampled values of input parameters and the calculated output. Table 1 . Values of the parameters characterizing the beams tested by Dias and Barros (2008) , Dias et al. (2007) and Dias (2008) . * beams whose experimental value of NSM shear strength contribution is affected by some disturbance; ** beams that were subjected to pre-cracking. Table 7 . Values characterizing the uniform probability distribution of the input parameters. 
APPENDIX
The average available resisting bond length herein is no longer evaluated as the average of the available resisting bond length 
To evaluate the value of imposed end slip in correspondence of which the force transferred through bond equals the strip rupture capacity 
that can be rewritten as: As already stated in the paper, there must be a value 
with:
The expression ( ) 
while the bond transferred force is given by Eq. (7.a) of Bianco et al. 2011 , that is:
,max 1 2 1 1 cos 1 sin
Substituting these latter into Eq. (A11), and taking into consideration the simplifications of Eq. (A9), one obtains: 
With the simplifications of Eq. (A9), the value of imposed end slip in correspondence of which the bond-based constitutive law attains the peak, given by Eq. (13) of Bianco et al. 2011, simplifies into: ( )
1 cos for
